Field Trials of Plum Clones Transformed with the Plum pox virus
Plum pox virus (PPV) (family: Potyviridae, genus: Potyvirus) is the causal agent of plum pox disease (sharka), one of the most important diseases affecting commercial stone fruit (Prunus spp.), including plum, apricot, and peach (17) . The virus was first reported in Bulgaria in the early 20th century (3) and has spread since then throughout Europe. More recently it has been reported from Chile (1) and from North America (United States and Canada; 13, 25) . The virus is naturally transmitted by aphids in a nonpersistent manner (10) . Due to the efficient spread of PPV by aphids, the presence of many potential hosts in both orchards and surrounding areas, and inconspicuous symptoms in some species and cultivars, sharka disease is difficult to eliminate once it has become established in an area. The control of PPV is based mainly on quarantine measures, including destruction of infected trees. However, it seems that a more costeffective and durable solution could be achieved by growing PPV-resistant cultivars, especially in the areas where sharka has been present.
Breeding programs have exploited naturally occurring resistance; however, due to the long-term nature of tree fruit breeding and polygenic inheritance of natural PPV resistance, few highly resistant commercial cultivars have been introduced successfully (11, 18) . Because the disease continues to spread and cause serious losses to stone fruit production, an alternative or complementary approach to traditional resistance breeding was initiated based on pathogenderived resistance (PDR; 21). Transgenic clones of Prunus domestica were produced by Agrobacterium sp. transformation of plum hypocotyls with the PPV coat protein (CP) gene (23) . One clone (C5) was found to be highly resistant to the virus under glasshouse conditions (19) . Field trials have been carried out in Poland, Romania, and Spain to verify those results under high infection pressure (natural presence of viruliferous aphids) and to evaluate the durability of PDR. Preliminary results indicated that C5 was not infected by aphid vectors present in all experimental fields. Although when artificially inoculated with chip buds, C5 trees became infected but showed only a few mild symptoms on isolated shoots (9, 16, 20) .
Here, we report the long-term results of field resistance trials of several transgenic plum clones conducted in plots located in Poland and Spain in areas of high PPV infection pressure. The field plots differed in PPV isolates, aphid-vector species, and climatic conditions, yet, in both tests, the C5 clone exhibited a high level of resistance that has lasted for more than 7 years (Spain) and 8 years (Poland). The results obtained in Romania (20) also are briefly discussed.
MATERIALS AND METHODS
Plant material. Transgenic clones were selected for field testing based on differential sensitivity to PPV in greenhouse tests (19) . Clones C2, C3, C4, C5, and C6 were tested in Poland. In Spain, C4, C5, C6, PT6, and PT23 were evaluated. All transgenic clones contained the PPV-CP gene except PT23, which contained only the marker genes of neomycin phosphotransferase II (nptII) and β-glucoronidase (GUS) in common with the other transgenic clones (22, 23) . All transgenic clones and untransformed clone B70146 were propagated on virus-free P. marianna (GF 8-1) rootstocks at one location (France) and distributed to both experimental plots. Untransformed susceptible control cultivars were P. domestica clone B70146 (Spain and Poland), and Sweet Common Prune (Węgierka Zwykła; Poland) or P. salicina Black Diamond (Spain) grafted on P. cerasifera.
Field plot designs. The design of both experimental plots is shown in Figure 1 .
Poland. In all, 10 trees each of the transgenic clones: C2, C3, C4, C5, C6 and nontransformed B70146 were planted in April 1996, together with 60 trees of the highly susceptible cv. Sweet Common Prune. The susceptible cultivar was planted as every second tree and chip bud inoculated in August 1996 to serve as a virus inoculum reservoir. Two trees of each tested clone also were inoculated by grafting two infected bark chips into the rootstock. The eight remaining trees of each clone were left for natural aphid inoculation. A tree infected with D-type isolate PPV-S (syn. PPV-Skierniewice; 27) was used as a source of infected bark chips. In addition to the inoculated PPV-susceptible control trees, other infected plum trees were located in field plots adjacent (within 100 m) to the test plot, and additional infected plants had been found in the area within a radius of several kilometers. Spain. One hundred plum trees were planted in April 1997 in an irrigated experimental plot located in the area of Líria, Valencia. Half of the total trees were transgenic clones (C4, C5, C6, PT6, and PT23) planted in five-tree rows (two rows per clone). The remainder of the trees were nontransgenic plum (B70146 on P. marianna and P. salicina 'Black Diamond' on P. cerasifera) planted between transgenic rows. In all, 25 nontransformed plum trees were graft inoculated with bark chips containing PPV 3.3 RB/GF Mp15/GF strain (2), reacting with D-specific monoclonal antibody (MAb) 4DG5 but defective in the epitope recognized by the MAb 4BD7 (6, 14) . The plot in Spain represented a Mediterranean climate. During the experimental period (1997 to 2003), the average of mean temperatures registered in Fig. 1 . Design of the experimental plots in A, Poland and B, Spain and progress of the disease 7 years after planting and inoculation of selected trees. After 7 years at both test sites, only C5 trees and some C4 ones in Spain remained free from Plum pox virus (PPV). ELISA = enzyme-linked immunosorbent assay. the plot were 15ºC in spring, 24ºC in summer, 16 .6ºC in autumn, and 9.5ºC in winter, reaching a mean maximum of 30.9ºC in summer season and a mean minimum of 3.5ºC in winter. Apple mosaic virus using enzyme-linked immunosorbent assay (ELISA) with reagents either prepared in individual laboratories or from commercially available kits from Loewe Biochemica (Germany). In Poland, these tests were repeated in 2003. All trees tested negative. Agricultural practices considered standard for each area were utilized for maintenance of the trees, except that the use of insecticides was limited in order to allow for robust aphid populations. In Poland, all flower buds were removed from trees until 2003, at which time authorization was granted by the Ministry of Environment to allow open flowering in the experimental plot. In 2001 and 2002, trees were severely pruned during the spring to reduce the hand labor necessary for flower removal. Visual observations in both experimental plots verified aphid presence and feeding. In Spain, the "sticky shoot" method, based on covering selected shoots with a special glue (4), was used for screening the population of insects visiting the trees.
Monitoring of PPV infection and identification of virus isolates. Detailed visual observations were performed at least twice a year in Poland (June or July and August or September, depending on the development of symptoms on the control trees) and once a year (May) in Spain. Leaf samples for serological analyses were collected at these dates. Sampling for virus presence in test trees was performed in two tiers. Samples from trees with symptoms or suspected symptoms consisted of at least four to six of the symptom-expressing leaves. Leaf or shoot samples from trees with no apparent symptoms were collected randomly from at least four branches spaced evenly around the canopy with a total of at least eight leaves per tree. Samples were tested for the presence of PPV by ELISA. Double-antibody sandwich (DAS)-ELISA using polyclonal antibodies from locally prepared antisera or commercial kits (Loewe, Germany) and doubleantibody sandwich indirect (DASI)-ELISA using the MAb 5B-IVIA (Agritest, Italy or Durviz, Spain; 6) were applied for PPV detection according to standard protocols. PPV isolates in the experimental plot were serotyped with several MAbs: 5B, 4DG5, 4DG11, and 4BD7 (6); AL (5); and V/8 and V/13 (T. Malinowski (8) .
To P1 and P2 primers (26) targeting the 3′ end fragment of CP gene were carried out to detect viral cDNA.
RESULTS
PPV infection pressure, virus isolates, and aphid species. Natural infection pressure was high in both experimental orchards. All chip-bud-inoculated (CBI) trees that were used as a primary inoculum source (B70146, Black Diamond, and Sweet Common Prune) showed diagnostic leaf symptoms and tested positive for PPV in ELISA the year following chip bud inoculation. Two different D-subtype serotypes of PPV were detected in the Spanish plot. The first, characterized as MAb 4BD7-negative, was shown by PPV 3.3RB/GF Mp15/GF (2) 
data not shown).
Resistance assays-natural aphid transmission. Infection pressure was high in Poland, with 100% of the trees of clones B70146, C2, C3, C4, and C6 found to be infected in 2003, 7 years after initiation of the field trial (Fig. 1A) . In fact, all B70146, C2, and C3 trees were infected already in 2001, which is within 5 years from the beginning of the experiment (Fig.  2A) . Infected trees of transgenic clones C2, C3, C4, and C6, as well as nontransformed control B70146, displayed definite PPV symptoms and were ELISA positive. The typical pattern of temporal symptom development was the appearance of chlorotic patterns on leaves on one branch in the first year followed by invasion of the entire tree in the following 1 to 2 years. All C5 trees exposed only to natural infection remained free from PPV, as verified through visual observation, ELISA, and IC-RT-PCR (Fig. 3A, lanes 1, 2, 3 9, and 10 and B, lanes 1, 2, 3, 4, 6, 7, 8,  13, and 14) .
Within 7 years in Spain, 100% of susceptible clones C6, PT-6, and PT-23, as well as nearly all nontransformed control trees, were infected (Fig. 1B) . Clone C4 exhibited a delay in infection, remaining uninfected 5 years after inoculation. The first detection in one C4 tree was in 2003, 6 years after orchard establishment and, by 2004, 6 of 10 C4 trees were infected, as checked by visual observations, ELISA and IC-RT-PCR (Fig. 2B) .
Resistance assays-chip bud inoculation. All CBI susceptible-cultivar trees (Sweet Common Prune in Poland and Black Diamond in Spain) showed clear symptoms of sharka disease and tested positive for PPV by ELISA in the next season after artificial infection. In addition, trees of clones B70146, C2, C3, C4, and C6 that were chip budded in Poland showed symptoms in the first growing season following inoculation and were ELISA positive. The first symptoms on CBI C5 trees were found 2 years after inoculation, 1 year later than on the other clones. Only a few leaves on a few shoots displayed chlorotic patterns. The chlorosis usually was much less pronounced than on leaves of the other transgenic clones and the nontransformed control. Symptoms observed for each clone are shown in FigFig. 4 ure 4. Characteristic symptoms are difficult to see on Black Diamond control trees used in Spain in spite of a high concentration of the virus. In the case of inoculated C5 trees, even extremely mild symptoms were not always present in consecutive years on the same shoots. The mildest symptoms were infrequently observed (less than five symptomatic leaves per tree) on inoculated C5 trees in 2000 and 2003. The spread of infection to all branches with most leaves showing typical symptoms of sharka, a pattern typical for sensitive cultivars, was not observed. Although symptoms were not limited to a small area close to the inoculation point (see below), most leaves on the shoots other than those showing symptoms were not only symptomless and ELISA negative, but IC-RT-PCR negative as well (Fig. 3A, lanes 14,  15, 18, and 19) . ELISA values for symptomatic leaves of CBI C5 trees were consistently lower than those obtained for any other clone, indicating effective inhibition of virus multiplication. Transgenic trees were not CBI in Spain.
Infection through susceptible rootstocks. The rootstock P. marianna GF 8-1 used for propagation of tested trees had a tendency to produce shoots from roots (root suckers). In both locations, root suckers were eliminated rigorously in the first 3 years of the experiment but, later, were removed once or twice per year and tested for PPV. Virus was confirmed by ELISA in root suckers of all trees showing infection in the canopy (data not shown). Additionally, infection of root suckers was detected in both plots by ELISA and RT-PCR for several C5 trees.
In Poland, root suckers of trees F5, F29, F35, F53, and F59 were determined to be infected in 2002; F5, F17, F29, F35, and F53 in 2003; and F17, F29, F35, and F53 in 2004. The high ELISA absorbance values obtained from infected leaf samples collected from root suckers of these trees were similar to those from other clones, nontransgenic controls, and transgenic susceptible clones (data not shown). Noninoculated C5 trees growing on rootstock with PPV-infected root suckers, including F17, F29, F35, and F53 grown on rootstocks showing infection of suckers in two consecutive years, remained symptomless and were ELISA and RT-PCR negative for PPV when tested in June 2004 (Fig. 3A,  lanes 3, 5, 6, and 9) .
In Spain, four of eight C5 trees (two other C5 trees died due to fungal infection) contained the virus in root suckers (Fig.  3B, lanes 9, 10, 11, and 12) . No PPV was detected in the C5 scion of three of these four trees (Fig. 3B, lanes 4, 6, and 8) . Tree C5 number 7.2 presented a unique case. A shoot from the P. marianna rootstock in this tree had grown considerably, having failed to be eliminated in earlier years. Its growth was allowed to continue until it reached a size similar to that of the C5 branch. This produced a double-branched tree, one-half from rootstock and one-half from scion. In 2002, symptoms of PPV infection were observed for the first time on leaves of the nontransgenic section of the tree. Infection was confirmed by ELISA. In the following year (2003), mild PPV symptoms were observed for the first time in some C5 spurs located at the bottom part of the trunk very near to the point of union between the P. marianna rootstock and the C5 scion. Symptomatic leaves collected from those C5 spurs were positive by ELISA, RT-PCR, and IC-RT-PCR (Fig. 3B,  lane 5) . ELISA absorbance values of C5 samples were three times lower than those of the P. marianna samples from the same tree when analyzed during the winter (data not shown). The remainder of the C5 branch of tree 7.2 remained PPV free (Fig. 3B,  lanes 13 and 14) . We were unable to detect PPV in the other C5 plants, including C5 scions growing on infected rootstocks (Fig.  3B, lanes 4, 6, and 8 ).
DISCUSSION
The high resistance of the C5 clone against aphid-vectored PPV was observed independently at two different locations with several different isolates of PPV and different climatic conditions. These results were further corroborated by a field test in Romania (20) , where both PPV-D and PPV-M isolates were naturally present and none of the C5 trees became infected during 6 years of exposure to infection pressure in the field. In experiments described here, at least five PPV isolates belonging to different D-subtypes were detected in trees evaluated. Most trees became infected with the isolates used for inoculation of "virus source" trees, including PPV-S (in Poland) and PPV 3.3 RB/GF Mp15/GF (in Spain). Several trees, for which a switch of the profile of reaction with MAbs was observed, must have become co-infected with at least two different strains of PPV. In our study, the identification of serological subtypes was based on lack of reaction with some MAbs rather than positive identification with MAbs recognizing an epitope specific for just one strain; therefore, it cannot be excluded that some other trees also were co-infected with several different variants of PPV. The diversity of PPV population in transgenic plum trees was a subject of another study based on the analysis of sequence variants in virus populations (7) .
Infection pressure in the experimental field plots in both Poland and Spain was adequate to ensure the natural spread of PPV to 100% (in Poland) and over 93% (in Spain) of susceptible nontransformed controls by the end of the 7-to 8-year test period. Under these conditions, no C5 trees exposed to aphid feeding alone became infected with PPV.
Both CBI C5 trees F23 and F41 in Poland and one C5 tree 7.2 in Spain growing on the rootstock naturally infected with aphid transmitted PPV became infected. The infected C5 trees in both locations showed very few and relatively mild symptoms; however, differences were observed between the two locations. A characteristic feature of the tree in Spain was significant growth of a nontransgenic branch from the rootstock eventually forming half of the tree structure. This branch became infected and showed symptoms of PPV. Under these extreme conditions of infection pressure, the resistance of C5 was "breached" but not overcome because symptoms only appeared on small shoots very close to the graft union of the C5 scion and the P. marianna rootstock. Symptoms were not observed on other sections of the C5 canopy of this tree, nor were positive results obtained in ELISA or molecular assays. The other C5 trees growing on infected rootstocks remained uninfected through June 2004. Similar to results reported here for tree 7.2, graft-inoculated plants in Romania showed only mild symptoms limited to the leaves growing very close to the point of inoculation (20) . In the field trial in Poland, CBI trees F23 and F41 showed mild symptoms on a few leaves. These symptom-expressing leaves were RT-PCR and ELISA positive, although ELISA absorbance values were significantly lower for C5 than for any other clone tested in parallel. Symptomatic leaves could be found on only a few shoots in the entire tree canopy. However, the disease manifestation was not limited to the small area close to the inoculation point. It was possible to detect PPV in some nonsymptomatic leaves by IC-RT-PCR but usually not by ELISA. Most leaves on these trees remained symptomless and tested negative for PPV by ELISA and RT-PCR up to 8 years after inoculation.
The minor, but perceptible difference in the pattern and effectiveness of virus localization in C5 trees that were graft or root sucker inoculated in Poland and Spain perhaps may be attributed to the higher temperature in Spain than in Poland. Szittya et al. (24) reported the influence of low temperature (15ºC) on the suppression of virus gene silencing that may be critical for temperate woody species, particularly in the spring. A further suggestion of this hypothesis was the presence of extremely few and mild symptoms on C5 CBI trees in Poland in 2000 and 2003, 2 years with the highest average daily mean temperatures in April (12ºC) or June (18.2ºC). Furthermore, the average daily maximum temperatures in Skierniewice were 18.9ºC in April 2000 and 15ºC or less in all other years. These values seemed to correspond directly to the model proposed by Szittya et al. (24) . However, to explain the situation in 2003 (as well as in 2002, another year with few symptoms observed and the highest average mean temperature re-corded in May, 17.1 versus 12.5 to 15.4ºC in the other years), more complex analysis may be needed. Finally, under glasshouse conditions of constant and relatively high temperatures (22 to 24ºC), C5 did not show symptoms and exhibited negative DAS-ELISA (19) .
Compared with the other clones (except C5), clone C4 exhibited relatively high resistance against aphid inoculation in terms of delay of disease spread in the field. In Poland, all C4 trees eventually became infected between 2002 and 2003, although, from 1999 until 2002, no new infection was observed in this clone. Once C4 trees became infected, they showed leaf symptoms and virus concentrations similar to the susceptible clones. In Spain, nine C4 trees remained uninfected after 6 years, with significant increase in the number of trees infected in year 7 (Fig. 2B) . When graft inoculated and tested under greenhouse conditions, clone PT-6 also showed a low level or no ELISA-detectable infection throughout 1 year after inoculation (22) . In the Spanish field plot test described here, PT-6 did not show a considerable level of resistance.
Over the course of 7 to 8 years of this study in the two locations, frequent observations of these field plots did not reveal abnormalities in tree growth, flowering, or fruiting in transgenic plum trees. However, it clearly was demonstrated that the transgenic clone C5 was distinct from the other test clones, both transgenic and nontransformed, in its resistance to PPV under high infection pressure. This clone, showing distinguished post-transcriptional gene silencing (PTGS) characteristics (9, 22) , was able to remain healthy in spite of high natural infection pressure for at least 7 years in the field. This represents a significant part of the productive life of a plum orchard and illustrates the benefits of genetically engineered PTGS for reviving plum production in areas where PPV is endemic.
